ABSTRACT Viral haemorrhaglc septicaemia vuus (VHSV) was Isolated from apparently healthy Atlantlc herrlng Clupea harengus from the Engllsh Channel The virus was lsolated in blueglll flbroblast (BF-2) cells but not eplthelioma papulosum cypnni (EPC) cells, however, the vlrus was passaged from BF-2 to EPC cells The identlty of the vlrus was confirmed by an enzyme-llnked ~rnmunosorbent assay and by a reverse transcnptase-polymerase chain reactlon (RT-PCR) The vlrus was classifled as a member of genogroup 111 of VHSV which compnses many European freshwater and m a n n e VHSV 150-lates Sequence compansons oi the RT-PCR products showed that the hernng isolate was closely related (99 1 % nucleotlde similarity) to a VHSV isolate from Atlantlc cod Gadus morhua both of those lsolates were avlrulent for ralnbow trout Oncorhynchus myklss by bath infection Circumstantial evidence IS presented whlch suggests that VHSV from hernng could have been the source of VHS dlsease In ralnbow trout in Denmark
INTRODUCTION

A rhabdovirus was isolated in 1979 from Atlantic cod
Gadus morhua, caught from Danish coastal waters, exhibiting signs of the 'ulcus syndrome' (Jensen et al. 1979) . The virus was later identified as viral haemorrhagic septicaemia virus (VHSV) by Jurgensen & Olesen (1987) , and those authors considered that the virus was Likely to b e a contaminant (either of the cod surface, or of the cell cultures) derived from a freshwater source. However, since then, VHSV has been isolated from farmed turbot Scophthalmus maximus and wild cod and haddock Melanogrammus aeglefinus from European waters (Schlotfeldt et al. 1991 , Ross et al. 1994 , Smail 1995 , D. Smail cited by Munro 1996 , and from chinook Oncorhynchus tshawytscha and coho salmon 0. kisutch, Pacific cod G. macrocephalus and Pacific herring Clupea harengus pallasi from the Pacific coast of North America (Hopper 1989 , Brunson et al. 1989 , Meyers et al. 1991 l e s e r 1994). [Note: The scientific names of fish follow the recommendations of Wheeler (1992) .]
As a result of this accumulated data, there is now no reason to believe that the VHSV isolated from Atlantic cod with the ulcus syndrome was a contaminant. Furthermore, these isolations of VHSV from fish in the marine environment have led to a re-evaluation of the epidemiology of VHSV, which had been considered as primarily a pathogen of salmonids (mainly rainbow trout Oncorhynchus mykiss) in freshwater. It has been suggested that VHSV in mainland Europe originated from a marine source and not vice versa (Meyers & Winton 1995) .
This laboratory has undertaken a programme of marine fish disease monitoring for many years, recording the incidence and prevalence of external disease conditions and liver pathology in d a b Limanda limanda and flounder Pleuronectes flesus according to international guidelines (Bucke et al. 1996) . Although d a b is the target species for monitoring purposes, other
Resale of full article not permitted fish species, especially those of commercial imporevent of virus being isolated, the possibility of laboratance, are also examined for the presence of significant tory contamination of the samples could be discounted. diseases. In particular, Atlantic herring Clupea haren-
MATERIALS AND METHODS
Sampling Areas
The processing method was as follows. The samples gus are examined for the presence of Ichthyophonus, a were ground to a paste using a mortar, pestle and lethal protistan pathogen, and Atlantic cod and other sterile sand, clarified at 2000 X g for 15 min at 4"C, then gadoids are e x a n l~~l e d for pseudobranch 'tumours', exposed to the antibiotics in the MM-HLA for 4 h at parasites and ulcerative lesions. As the latter may be 15°C. Final dilutions of 1:100 and 1:1000 were inocuassociated with VHSV, tissue samples were taken from lated onto bluegill fibroblast (BF-2) and epithelioma certain of those other species, particularly gadoids, on papulosum cyprini (EPC) cells, which were incubated a recent survey and were later tested for the presence at 15°C. The stock tissue extracts were then stored of viruses by isolation in cell culture using a procedure at -70°C. The cells were observed daily for cytopathic recommended by the Commission of the European effect (CPE). If no CPE was observed after 7 d, the cell Union for the isolation of VHSV. We report here the cultures were frozen at -20°C, thawed, and the isolation of VHSV from Atlantic herring and molecular medium from each cell line was diluted to 1:10 (final) comparisons of the virus with other VHSV isolates.
and inoculated onto fresh homologous cell cultures. Virus identification. When CPE was observed in cell cultures inoculated with fish extracts, supernatant fluids were tested in enzyme-linked immunosorbent assays (ELISAs) for birnaviruses (Dixon & Hill 1983 ) Fish sampling. Fish were caught at 10 sampling (as they are ubiquitous in the marine environment) areas in UK coastal waters ( Fig. 1 ) during January and and VHSV (Way & Dixon 1988 , Way 1996 . The VHSV February 1996, using a Granton trawl or a beam trawl ELISA was also carried out directly on the herring (the latter in Rye Bay only); between 1 and 4 stations were trawled at each sampling area. The fish taken for sampling are listed in Table 1 . Each species was sampled separately; the same instruments were used to sample one species from a station, but were changed for a different species or for a *g 3f' D different station. Portions of liver, kidney, spleen, heart and brain were taken from each fish. The tissues of the first 10 fish of one species at a station were collected in individual containers; if there were more than 10 fish of that species at the station, the tissues of the l l t h fish were added to the first container, the tissues of the 12th fish were added to the second container and so on up to a maximum of 5 fish per pool. Maintenance medium (MM) (Glasgow modification of Eagle's medium supplemented with 2 % foetal calf serum) containing a high level of antibiotics (1000 IU ml-' penicillin G [sodium salt] and 1 mg ml-' streptomycin sulphate) (MM-HLA) was added in the approximate ratio of 10:l (MM-HLA:tissue). The samples were then blast frozen at -20°C and transported frozen to the laboratory at the end of the sampling period.
Sample processing. At the laboratory the samples were thawed and processed by the method stipulated by the Commission of the European Union for detecting VHSV (Anonymous 1992) . This was done in a microbiological safety cabinet so that in the extract. Immunoassay plates were coated with immunoglobulins against the viruses, and plates were blocked with fish skin gelatin. Cell culture supernatants or fish extracts were diluted to 1:4, 1:8 and 1:16 in phosphate buffered saline containing 0.02 % Tween 20 and 1% Nonidet P40; duplicate samples were tested. Non-infected BF-2 cell cultures, or herring extracts from a previous sampling occasion, negative for VHSV by cell culture isolation, were used as negative controls. Monoclonal antibody or immunoglobulin G from polyclonal sera against the viruses had been biotinylated, the enzyme label was a conjugate of ExtrAvidin and horseradish peroxidase (Sigma) (Way 1996) and the substrate was 3,3', 5,5'-tetramethylbenzidine (Sigma). After stopping the enzyme-substrate reaction with 2 M sulphuric acid, the absorbance of the reaction product was read on an EIA reader (MR7000, Dynatech) at 450 nm. A sample was positive if it had an absorbance 5 times that of the appropriate negative control.
Reverse transcriptase-polymerase chain reaction (RT-PCR). The RNA extraction and RT-PCR for VHSV was carried out as described by Strsmmen & Stone (1997) on cell culture harvests and on duplicate pools of herring extracts. The method uses a degenerate primer set which amplifies a 360 nucleotide sequence of the glycoprotein gene (nucleotides 361-720, amino acid residues 12 1-240). Infectious hematopoietic necrosis virus (IHNV), provided by D. Amend, Seattle, and spring viraemia of carp virus (SVCV) provided by N. Fijan, Zagreb, were used as negative control viruses.
DNA sequencing. PCR products were ligated into pSK-Bluescript (Stratagene) as described previously . The nucleotide sequence of the inserts was determined by the dideoxynucleotide chain termination method (Sanger et al. 1977 ) using the M13-20 and reverse primers (Stratagene). Sequence alignments and phylogenetic trees were constructed based on the Higgins and Sharp algorithm (Higgins & Sharp 1988 ) using DNASIS sequence analysis software (Hitachi Software Engineering America Ltd). The origins of VHSV isolates used for sequence comparisons are given in Table 2 . Virus growth and titration. VHSV was grown and titrated in BF-2 or EPC cells at 15°C as described by Hill et al. (1975) except that the plaques were stained with 0.1 % aqueous crystal violet as described by Dixon & Hi11 (1983) .
Fish infection. Rainbow trout (13 wk old, ca 4.8 g) were purchased from a commercial source, maintained at a density of 100 fish per tank of 50 1 dechlorinated tap water at 11°C in a flow-through system and were fed a maintenance diet. The fish were exposed to 104 plaque forming units (PFU) of virus ml-' for 1 h with no water flow, after which the water flow was resumed. Viruses compared were the Atlantic herring VHSV isolate, VHSV isolate 3592-B (known to cause mortality in rainbow trout) and VHSV isolate 'cod rhabdo' (Table 2) . Mortalities were recorded and dead fish removed from the tanks on a daily basis for 28 d postinfection. Dead fish were tested for the presence of virus as described above, and the identity of virus isolated in cell culture was determined using the VHSV ELISA.
RESULTS
Isolation and identification of VHSV
The only CPE observed was in BF-2 cell cultures inoculated with extracts of herring caught at Rye Bay, Stn 43 (Table 1) . CPE was observed in 3 of the 10 pools of fish (nos. 8, 9 and 10) 4 d post-inoculation; no other pools showed CPE by 7 d post-inoculation. CPE developed in 1 additional pool (no. 5) 4 d after passage. Supernatants from cell cultures showing CPE were positive for VHSV (Table 3 ) and negative for birnavirus in the respective ELISAs; the isolate was designated 96-43. The VHSV ELISA carried out directly on herring extracts did not reveal the presence of virus antigen, as any positive reactions were masked by the high level of non-specific binding caused by the extracts (Table 3) . Negative control herring extracts produced high absorbance readings which were similar to those produced by the test samples.
No CPE was observed in the EPC cells inoculated with the herring extracts. As this was unexpected, the herring extracts were thawed from -70°C and the procedure for isolation of virus was repeated. Again, no "Absorbance values of the 1:8 and 1:16 dilutions were lower than those of the equivalent dilution of herring extract negative contro1.s CPE was observed in the EPC cells. CPE in BF-2 cells was again observed in pools 8 and 9 (the latter only after passage). In addition, CPE was observed after passage in pools 1 and 6, which had been negative for virus on the initial isolation attempt. The presence of VHSV in cell cultures showing CPE was confirmed by the ELISA (Table 3) .
The virus harvested from the BF-2 cells (first passage) was diluted to 1:100 and inoculated onto EPC cells. CPE developed in the cells and was confirmed as being caused by VHSV using the ELISA. The virus was passaged 3 times in and between BF-2 and EPC cells and titrated at each passage in both cell lines. After 3 passages in BF-2 cells, the virus titre was 8 X 106 PFU ml-' (titrated in BF-2 cells) and 4.2 X 105 PFU n~l-' (titrated in EPC cells), whereas after 3 passages in EPC cells the virus titre was 2 X 107 PFU ml-' (titrated in BF-2 cells) and 1.4 X 107 PFU ml-l (titrated in EPC cells).
RT-PCR
RT-PCR was carried out on the supernatant fluids from BF-2 cells inoculated with pools 5, 8, 9 and 10, and a product consistent with that expected from VHSV was observed (Fig. 2) . Duplicate extractions and RT-PCR amplifications were done on the 10 pools of herring viscera thawed from -70°C. A product of the size expected from VHSV was obtained from all pools except pools 4 and 6; on both occasions those 2 pools produced smears over the region of the gel where the VHSV product was expected. Pools 2, 3, 5, 7 and 8 were positive for the product in both amplifications but pools 1, 9 and 10 were only positive on one of the amplifications. 
DNA sequence
In order to confirm that the PCR products were derived from VHSV, the products from the pool 10 cell culture harvest and from 3 herring tissue extracts (pools 5, 9 and 10) were sequenced and compared with VHSV F1 and other VHSV isolates (Fig. 3a) . The nucleotide substitutions observed between the PCR products from 2 herring extracts (pools 5 and 10), and from the VHSV isolates 'cod rhabdo' and 814/96 (from turbot) were silent. Therefore, the deduced amino acid sequences were identical (Fig. 3b) The nucleotide sequences of the PCR products obtained directly from the 3 herring extract pools had 99.1 % similarity to each other and to the PCR product from the virus isolated in cell culture (Fig. 4) . They also shared 99.1% nucleotide sequence similarity to the VHSV isolate from Atlantic cod (cod rhabdo). The relationship of the herring isolate to the other VHSV isolates is also shown in Fig. 4 .
Virulence study
The herring isolate did not cause any mortalities in the rainbow trout tested, whereas isolate 3592-B (from rainbow trout) killed 31 % of the fish (confirmed by reisolation of the virus in cell culture). One fish of 100 infected with the 'cod rhabdo' isolate died, but virus was not re-isolated from it; no mortality was observed in non-exposed control fish.
DISCUSSION
VHSV was isolated from Atlantic h e r r~n g from the English Channel (Rye Bay) showing no obvious external or internal signs of disease. Tissue extracts from 50 fish were tested, but because the same instruments were used to take the initial samples, and tissues were pooled, it was not possible to determine how many individual fish carried the virus. Potentially only one fish may have been infected with the virus and all the other pools of tissue could have been contaminated with virus from that fish. However, the number of pools of tissue positive for VHSV suggests that more than one fish was infected. The ELISA for VHSV was done directly on the tissue extracts in an attempt to deter-mine how many pools were positive for virus antigen; any such antigenpositive pools could have been regarded as containing infected fish rather than virus as a contaminant from another pool, as it is unlikely that sufficient antigen to produce a positive result in the ELISA would have been transferred from virus-contaminated instruments. Unfortunately, the high background absorbance levels produced by the tissue extracts masked any virus-specific absorbance. As recovery of the virus on thawing the processed samples was variable, it was felt that titrating virus directly from the extract pools would not produce results of any value.
Curiously, 2 pools of tissue extract (nos. 1 and 6) that had been negative for virus in BF-2 cells when tested initially were positive for virus when retested after freeze-thawing. Possible reasons for this are: (1) there was only a low titre of virus in the tissue pools and the small volume of sample taken for testing may have contained virus on one occasion, but not the other; (2) freeze-thawing may have liberated virus from previously incompletely homogenised tissue; (3) freeze-thawing may have selectively destroyed inhibitory components from the tissue extracts; (4) freeze-thawing may have selectively destroyed any defectiveinterfering (DI) virus particles present. Fig. 3 . Sequence alignments of (a) nucleotides 361-720 and (b) the deduced amino acids (residues 121-240) of the glycoprotein gene of the Atlantic herring VHSV isolate (96-43) and other VHSV isolates, derived from their PCR products. (-) indicates the positions of sequence identity compared to the sequence of the F1 isolate. Where the nucleotide sequence could not be adequately resolved due to cross-banding or compressions in the sequence data, the appropriate International Union of Biochemistry abbreviated codes R (purine) and Y (pyrimidine) were used; X indcates a non-assigned amino acid. The PCR products were obtained from virus harvested from cell culture (C), or from virus in herring extracts (H) The first reason may also explain why 2 pools (nos. 5 and 10) were negative for virus on the second testing occasion.
The virus was not isolated in EPC cells, although it was subsequently passaged onto that cell line. This suggests that the EPC cells were more sensitive than BF-2 cells to inhibitory components present in the herring extracts or to the action of D1 virus particles, if present. Alternatively, and perhaps more likely, it may have been necessary for the isolate to become cell culture adapted in BF-2 cells before it would replicate in EPC cells; if that were the case, the cell culture adaptation occurred rapidly, as the virus from the first passage in BF-2 cells grew readily in the EPC cells. This reinforces the need to use more than one cell line when attempting to isolate viruses from fish. In a comparison of several VHSV isolates of different origins, isolates from Atlantic cod and turbot (Jensen et al. 1979 , Schlotfeldt et al. 1991 only produced a minimal CPE in EPC cells, even on serial passage, whilst producing maximal CPE in other cell lines, including BF-2 cells (Parry & Dixon unpubl. data); in that comparison, other VHSV isolates produced maximal CPE in the EPC cells. Conversely, reported that certain VHSV isolates (including those of marine origin) grew to higher titres in EPC cells than in BF-2 cells. The herring isolate in this study also grew to a slightly higher titre in EPC cells after passage from BF-2 cells. Curiously, the titre of virus passaged in EPC cells was practically identical when titrated in BF-2 and EPC cells, but the titre of virus passaged in BF-2 cells was markedly reduced when titrated in EPC cells compared with titration in the homologous cell line. That might indicate that the virus was becoming more adapted to the BF-2 cell line.
The RT-PCR and sequence data confirmed that the virus isolated in cell culture was VHSV, and that 8 of the 10 herring pools contained virus; the other 2 pools produced equivocal rather than negative results. Only 6 of the pools were positive by isolation in cell culture; the differences between the 2 methods may be as a 814/94 (C) result of reduced sensitivity of cell culture in this instance, possibly as a result of low levels of infectious virus or the presence of inhibitory material. The variable results between the duplicate RT-PCR amplifications are most likely the result of sub-optimal sample processing (the tissues were processed for cell culture isolation and did not include RNAse inhibitors prior to RNA extraction) and/or because the titre of virus in the tissues was close to the detection limit of the PCR assay (Strermmen .
The nucleotide sequence data for the PCR products obtained directly from the herring extracts were 99.1 % similar to each other and to the product obtained from virus grown in cell culture from the herring. This confirmed that the virus isolated in cell culture and the virus in the extract were the same. The slight differences between the sequences of the products from the tissue pools and the cell culture harvest can be attributed to rhabdoviruses having a high rate of mutation during replication, as discussed by Meyers & Winton (1995) . Batts et al. (1993) distinguished North American VHSV isolates from European isolates using DNA probes directed agalnst nucleotide sequences on the N gene, and Stone et al. (1997) extended that division by separating VHSV isolates into 3 genogroups based on the differences in the glycoprotein gene sequence (residues 361-720). Genogroup I comprised VHSV isolates from North America, genogroup I1 comprised marine isolates from around Scotland, and genogroup I11 comprised European marine and freshwater VHSV isolates. The Atlantic herring VHSV isolate showed 82.9 % nucleotide sequence similarity to NA-1 (Makah), a representative of genogroup I, 91.3% similarity to 814/94, a representative of genogroup 11, and 97% similarity to the F1 isolate, a representative of genogroup 111. On that basis the Atlantic herring isolate can be best classified as a member of genogroup 111. The deduced amino acid sequences were well conserved between isolates, which is consistent with previous observations , and possibly reflects constraints placed on the glycoprotein sequence by protein function.
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The herring from which the virus was isolated showed no obvious external or internal signs of disease, but the majority of the VHSV isolates from marine fish (with the exception of those from anadromous salmonids in North America) originated from fish with pathologies (often evident in the skin) (Jensen et al. 1979 , Schlotfeldt et al. 1991 , Ross et al. 1994 , Smail 1995 , Meyers & Winton 1995 . data of D. Smail cited by Munro 1996) . Whether the virus caused these pathologies is not known, and there are only few data on the experimental pathogenicity of the marine VHSV isolates. The North American isolates, all of marine or anadromous fish origin, are reportedly not virulent for salmonids , Meyers et al. 1994 , with 2 exceptions: a Pacific cod isolate produced 20% mortality in rainbow trout (unpubl, data referred to by Meyers et al. 1994 ) and a Pacific herring isolate was pathogenic to Atlantic salmon Salmo salar after intraperitoneal injection (unpubl. data of G.
The latter isolate produced mortalities in Pacific herring and in shiner perch Cymatogaster aggregata after both bath infection or injection. The Scottish turbot isolate killed 70% of bath-infected turbot (P. F. Dixon & S. Avery unpubl. data). Our data show a strong genetic link between the Atlantic herring VHSV isolate and the 'cod rhabdo' and Hededam isolates (99.1 and 98.5 % sequence similarity, respectively). The Hededam isolate is virulent for rainbow trout under experimental conditions (Jsrgensen 1980) , but the Atlantic herring isolate was not virulent for the population of rainbow trout tested in this study. Jsrgensen (1992) reported that the isolate from Danish cod ('cod rhabdo') was avirulent for 2 g rainbow trout exposed to the virus by bath, and our trial with that isolate using 4.8 g fish gave a similar result. It will be of importance to determine the virulence of the Atlantic herring isolate for herring and other species, and so determine the risk that the isolate poses to marine and freshwater fish stocks.
The diseased Atlantic cod from which the 'cod rhabdo' was isolated were caught in Danish coastal waters off Nykobing (Jensen et al. 1979) , which is on the island of Falster to the east of Jutland. This may be significant, as the nursery area of Atlantic herring extends from the coast of The Netherlands to eastern Jutland (Daan et al. 1990 ). Therefore, it is possible that VHSV could be transmitted between cod and herring (although in which direction is unknown) in such an area. Herring are the food of many marine species and the further spread of VHSV in the marine environment could be by predation on infected herring. Such a scenario has been postulated for Pacific herring in North America (Meyers et al. 1994 , Meyers & Winton 1995 . However, in European marine waters, where different genotypes of the virus exist, there may be different host sources of the virus, or different populations of virus in herring stocks. Of further interest is the Denmark/herring link in postulating the transfer of VHSV from the marine to the freshwater environment. Rasmussen (1965) summarised the data to that date for Egtved (VHS) disease. It was described as being recorded initially in eastern Jutland, and Rasmussen discussed possible aetiologies for the disease. He cited work by Lauridsen (1958) , who suggested that the disease was caused by a deficiency of vitamins B, and E '..... which would be a consequence of the fact that herring is the predominant food used in Danish trout hatcheries' (Rasmussen 1965) . If those herring had been infected with VHSV, it is feasible that over time an isolate that was virulent for rainbow trout could have been introduced, or could have emerged after passage through rainbow trout. Thus, there are possible links between VHSV in herring and VHSV in cod, and geographic location, and also between herring and rainbow trout. That link between VHSV in herring and VHSV in rainbow trout is purely circumstantial, but it could explain the origin of the disease in freshwater. Raw marine fish are still used as a food source for some aquaculture fish species, and the risk of disease transmission from such a practice is high. Indeed, the turbot from Scotland from which VHSV was isolated had been fed on certain occasions with raw, minced, marine fish (mainly haddock) as an alternative to a commercial diet (Munro 1996) . Alternative food sources or food processing methods should be developed to minimise the transn~ission of fish diseases by that route.
Further studies on the host range and virulence of individual VHSV isolates, together with more detailed genetic analysis of those isolates, may provide further information on the epidemiology of VHS disease.
